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INTRODUCTION

The  need  for  more  bandwidth  in  satellite  communications  is  growing  all  the  time  due  to  interactive  broadband
applications. Such services are currently being employed in the Ka-band, but there is a great interest to equip future
telecommunication satellites with a Q/V-band capability to allow further increase of the available bandwidth  [1],[2].
The European Space Agency has identified a low-noise amplifier (LNA) for the space segment as one of the critical
technologies that are required for enabling the deployment of Q/V-band communication systems [3]. In addition to a
low noise figure for maximizing the antenna gain to system noise temperature ratio (G/T) of the communication link,
high linearity is desired. In order to increase the reliability of the amplifier, 2 for 1 redundancy can be introduced. A
switching system at the input of the redundant amplifier selects the active amplifier branch, the other one being in a
standby mode. For obtaining the lowest possible total noise figure, not only the noise figure of the amplifier in the
active branch needs to be minimized, but also the switch and the transitions need to have as low insertion loss as
possible because the loss will manifest itself as a corresponding increase in the total noise figure of the redundant
amplifier as dictated by the Friis formula.

The lowest on-wafer noise figures of around 1.8 dB for monolithic microwave integrated circuit (MMIC) low-noise
amplifiers (LNA) in the Q/V-band have been obtained using either pseudomorphic high electron mobility transistors on
indium phosphide (InP) substrates  [4],  [5] or metamorphic HEMTs  on gallium arsenide (GaAs) substrates  [6],  [7].
Competitive results have been recently achieved also with pseudomorphic HEMTs on GaAs substrates [8].

A GaAs HEMT based MMIC single-pole-double-throw (SPDT) switches allow convenient  integration with MMIC
LNAs and provide an on-wafer insertion loss of 1.0-1.5 dB in the Q- and V-bands [9], [10]. SPDT PIN-diode switches
based on aluminum gallium arsenide (AlGaAs) heterojunction technology exhibit an on-wafer insertion loss of about
0.6-1.1 dB  in  the  frequency  range  40-60 GHz  [11],  but  their  power  consumption  may  be  considerable.
Electromechanical rotary waveguide switches provide the lowest loss of not more than 0.1-0.5 dB in the Q/V-band.
Ferrite circulator waveguide switches eliminate the need for moving parts, but the development has concentrated on the
frequencies not higher than the Ka-band, in which a low loss of 0.1-0.5 dB has been achieved [12], [13]. Two examples
of dual redundant Ka-band LNAs utilizing ferrite switches are presented in [12] and [14]. The size, weight and cost of a
waveguide switch may present a problem, especially if integration of the redundant LNA into a focal plane array is
planned.

In this work, the stand-by redundancy of a Q/V-band low-noise amplifier is implemented with a new integrated low-loss
concept based on a dual waveguide probe mated with two 50 nm GaAs mHEMT MMICs containing a shunt single-
pole-single-throw (SPST) switch and an LNA each.

REDUNDANCY CONCEPT

The redundancy concept for the dual redundant amplifier proposed in this work is illustrated in Fig. 1. The amplifier
module contains an active and a stand-by amplifier branch. A dual waveguide probe at the input feeds the signal into
one of the branches,  depending on the states of the shunt SPST switches.  Shunt switches are preferred over series



switches in order to minimize the insertion loss at the MMIC LNA input and the consequent increase in the redundant
amplifier noise figure. When a switch is in the on-state, the respective branch represents a matched load for the input
signal incident at the dual probe leading to efficient signal coupling. When a switch is in the off-state, the common node
of the SPST switch and the LNA represents a short circuit for the incident signal. The short circuit is transformed into
an open circuit at the dual probe with a quarter-wave transmission line, and thus the signal is reflected back from the
input of that branch. The dual probe junction and the SPST switches constitute effectively an SPDT switch.

The outputs of the LNAs are combined with a 3-dB hybrid coupler. This approach leads to a 3-dB decrease in the
redundant amplifier gain, but allows a simpler and more reliable configuration than the use of a second pair of switches
and a second dual probe.

As in the case of other dual redundancy implementations, the total reliability of the redundant amplifier can be only as
good as that of the switch selecting the desired amplifier channel. Furthermore, the switch should obviously have a
higher reliability than a single non-redundant amplifier. In the presented configuration, the MMIC SPST switches have
a reliability advantage over the MMIC LNAs due to the absence of the DC drain supply voltage and current.  The
application  of  DC  drain  power  leads  to  accelerated  gate  sinking  and  degradation  of  the  extrinsic  maximal
transconductance,  and consequently to  a  shorter  median lifetime when mHEMT devices  having the same channel
temperature Tch are compared [16]. In the presented application, the channel temperatures of a switching transistor and
an amplifying transistor are not identical: Tch of the former is approximately equal to the ambient temperature, but Tch of
the latter increases due to the application of DC power. This shortens the median lifetime of the amplifying transistor
further in comparison to the switching transistor.

We estimate the median lifetime improvement factor of the switching transistor over the amplifying transistor due to
differing channel temperatures by using the Arrhenius equation employed in accelerated lifetime testing,
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where Ea is the activation energy, k the Boltzmann constant, Tch,1 and Tch,2 transistor channel temperatures, and tm,1 and
tm,2 the respective the median lifetimes. The activation energy for 50-nm mHEMTs is 1.6 eV. We assume that  Tch,2 is
equal  to ambient temperature.  As reported  in  [17],  a  drain power density  Pd of  0.3 W/mm increases  the mHEMT
channel temperature by approximately 20 °C. Therefore, we assume Tch,1 = Tch,2 + 20 °C, although the LNA drain power
density in case of this work is somewhat higher (0.4 W/mm). Fig. 2 shows the median lifetime improvement factor over
the foreseen operating temperature range from -10 °C to +60 °C. 

DESIGN

MMIC

The shunt SPST switch and the LNA are realized as an MMIC using the Fraunhofer IAF mHEMT process with a 50-nm
gate length on GaAs substrates  [18] that  has a transit frequency of 370 GHz and a maximum transconductance of
2100 mS/mm. The MMIC has been designed in a coplanar waveguide environment, and its schematic is presented in
Fig. 3.

Fig. 1. Proposed redundancy concept based on a dual waveguide probe and two shunt SPST switches.
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The switch is composed of a two drain finger mHEMT transistor with a unit gate width of 50  µm and a 1 kΩ gate
resistor, through which the control  voltage  VSPST is  applied. The simulated insertion loss of the bare switch in the
frequency band 47-52 GHz in the on- and off-states is 0.4 dB and 17.3 dB, respectively, whereas the return loss is
16.7 dB and 1.6 dB. 

The output of the SPST switch is connected to the input of a low-noise amplifier. It features 4 stages with individual
supply voltages. The first one is a common source transistor with 4 gate fingers and a unit gate width of 10 µm. The
second and third stage constitute a high-gain cascode with two 4×15 µm transistors, which is followed by a 4×15 µm
common source transistor stage. Inductive source degeneration with an asymmetric source line is exploited at the source
terminal of each common source transistor to achieve better simultaneous input and noise matching. All stages, as well
as  the  RF-input  and  RF-output  of  the  LNA  are  separated  by  on-chip  DC  blocking  capacitors.  The  simulated
performance of the complete MMIC is presented together with on-wafer measurement results in Fig. 7.

Dual Waveguide Probe

The dual waveguide probe consists of two microstrip lines terminated with probes that intrude through the broadwalls
into a WR-19 waveguide. The other ends of the microstrip lines will be connected to the MMICs. As a first approach,
illustrated in Fig. 4a, a dual probe junction with a single quartz substrate spanning across the input waveguide (Port 1)
into both MMIC channels (Ports 2 and 3) was designed. A similar approach is taken in  [15] to realize a sideband
separation mixer. This configuration allows easy substrate alignment during the mounting process, but the disadvantage
is that temperature changes may introduce thermal stress in the substrate if it is glued on both sides to the waveguide
housing. Fig. 4b shows the simulated S-parameters of the single substrate dual probe when one branch is shorted to a
metal wall and the other port is matched. The average insertion loss is 0.5 dB and return loss 10.1 dB in the frequency
range 47-52 GHz. A back-to-back test structure with this kind of dual probe configuration was also manufactured, and
an  average  insertion  loss  of  less  than  0.4 dB was  measured  for  a  single  dual  probe  junction  (identical  junctions
assumed).

In order to avoid thermal stress issues, an approach consisting of two individual probes facing each other in the input
waveguide, as illustrated in Fig. 5a, was taken. One of the probes is flipped up-side down in order to accommodate the
mounting of the probes into a split block module. The geometry of this configuration was optimized while the ports 2
and 3 were connected to the simulated S-parameter data of the on- and off-state MMICs. This led to the S-parameters
seen in Fig. 5b.
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Fig. 3. Schematic of the MMIC. The SPST switch is enclosed with a dashed line, the remaining elements constitute the
low-noise amplifier.

-10 0 10 20 30 40 50 60
Ambient temperature (°C)

20

40

60

80

100

120

140

160

Im
p

ro
v
e
m

e
n

t 
fa

ct
o
r

Fig. 2. Median lifetime improvement factor of a mHEMT with Pd = 0 W/mm over a mHEMT with Pd = 0.3 W/mm.



EXPERIMENTAL RESULTS

MMIC

The fabricated MMIC has a size of 3 mm × 1 mm, and a micrograph of it can be seen in Fig. 6. Its S-parameters and
noise figure were measured on-wafer with a probe station. The measurement results are shown in  Fig. 7. The figure
contains the results for two MMICs from the same batch, called c24 and c32, which were later built into the redundant
amplifier module. The noise figure measurement was carried out with two measurement setups with a break in the
frequency coverage at 50 GHz. The noise figure of MMIC c32 was measured only in the frequency band above 50
GHz. The average performance of the MMICs in the frequency band 47-52 GHz is summarized in Table 1. The MMIC
on-state  operating  voltages  and  drain  current  density  are  VSPST = -0.8 V,  VD1 = VD3 = 1 V,  VD,CAS = 2 V,  and
JD = 400 mA/mm. In the off-state only the voltage VSPST = +0.5 V is applied to the MMIC. 

45 46 47 48 49 50 51 52 53 54 55
Frequency (GHz)

-15

-10

-5

0

S
-p

a
ra

m
e
te

r 
m

a
g
n
it

u
d
e
 (

d
B

)

S
22

S
12

(a) (b)

Fig. 4. a) Single substrate dual probe junction, and its b) S-parameters.
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Fig. 5. a) Split substrate dual probe junction, and its b) S-parameters when an on-state MMIC is connected to port
2 and off-state MMIC to port 3. 

Fig. 6. Micrograph of the MMIC. The chip size is 3 × 1 mm2.



Table 1. Summary of MMIC performance.

Sim. on Sim. off MMIC c24 on MMIC c24 off MMIC c32 on MMIC c32 off

Gain (dB) 29.5 -52.8 28.5 -55 28.6 -51.9

Noise figure (dB) 2.6 - 3.0 - 2.9a -

Input return loss (dB) 10.7 1.9 12.1 1.4 12.3 1.8

Output return loss (dB) 18.3 5.6 16.7 8.1 16.0 7.4
a) Measured between 50-52 GHz 

Dual Redundant LNA Module

The MMICs designated c24 and c32 and the split substrate dual probe were integrated into a waveguide split block
module, shown in Fig. 8a. It has a size of 55 mm × 28.5 mm × 33 mm and a mass of 270 g. The form is hexagonal,
which allows the stacking of the amplifiers close to each other in a focal plane array. The input and the output ports
have a WR-19 interface. The two module halves in Fig. 8b reveal the 3-dB hybrid coupler at the output, whereas Fig. 8c
is a close-up photograph of the input region. At the RF output of the LNA, the MMIC is wire-bonded to a piece of
microstrip line that is terminated with a single WR-19 waveguide probe. Each module half contains one half of the split
dual probe, an MMIC, and a bias board. 

Only one bias board is active at a time. The boards are cross-wired in such a way that the active bias board provides the
the supply voltages to the SPST switch and the LNA of the active MMIC, and additionally to the SPST switch of the
redundant MMIC. If the LNA of the active MMIC fails, the respective bias board is switched off and the previously
redundant MMIC together with its bias board is taken into use. The biasing concept is illustrated in Fig. 8d.

(a) (b)

(c) (d)

Fig.  7.  On-wafer measurement of the MMIC a) S-parameters (on-state), b) noise figure (on-state), c) S-parameters
(off-state), d) S11 phase (off-state). Dotted lines are for MMIC c24, crossed lines for MMIC c32, solid line is the
simulation.



The S-parameters of the dual redundant amplifier measured with a vector network analyzer at room temperature are
presented in Fig. 9a. When the MMIC c24 is in the on-state and the MMIC c32 in the off-state, the gain of the amplifier
is 23.7 dB and the input and output return losses are 18.3 dB and 12.5 dB, respectively, in the frequency range 47-
52 GHz. When the states of the MMICs are reversed, the gain of the amplifier is 22.8  dB and the input and output
matching are 20.5 dB and 18.0 dB. 1-dB compression points of -2.5 dBm and -3.5 dBm were measured for MMIC c24
and c32 at 49.5 GHz, respectively, when referring to the output power. The performance difference of the two branches
is larger than for the individual MMICs presumably due to mounting tolerance of the two dual probe halves. The total
power consumption of the dual redundant amplifier module is 455 mW. 

The noise measurements were performed by using the Y-factor method: a hot and a cold load were consecutively
positioned in front of a horn antenna connected to the input port of the amplifier. The output signal was amplified and
then fed to a broadband harmonic mixer with an integrated isolator enabling good RF matching. The signal was then
detected with a spectrum analyzer. Fig. 9b presents the measured noise figure which is 4.0 dB when the MMIC c24 is in
the on-state and the MMIC c32 in the off-state, and 3.7 dB in the reversed case.

Heating of the amplifier to a temperature of 60 °C by placing it on a Peltier element caused the gain to decrease 0.1-
0.4 dB  and  the  noise  figure  to  increase  0.3 dB  in  the  frequency  range  47-52 GHz  while  the  matching  remained
essentially unchanged. Cooling of the amplifier to -10 °C in a vacuum dewar caused its gain to increase 0.7-0.9 dB. The
noise figure measurement at -10 °C was not performed.

CONCLUSIONS

The development of a dual redundant low-noise amplifier for high-reliability satellite communication applications has
been  described  in  this  paper.  The redundancy is  realized  with  a  dual  waveguide  probe  and  shunt  SPST switches
integrated into the same MMIC as the low-noise amplifiers. In the frequency range 47-52 GHz at room temperature, the
dual redundant LNA has an average gain of 23.2±0.8 dB, a noise figure of 3.9 dB, an input return loss of 19.4 dB, an
output return loss of 15.3 dB, and an output 1-dB compression point of -3.0 dBm. Further work on the MMIC LNA
design will allow even better performance to be achieved.

(a) (b)
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Fig.  8. a) Assembled dual redundant LNA module, b) module halves, c) close-up of the input region of one module
half, d) biasing concept.



A comparison of the noise figures of the packaged amplifier (3.9 dB) and the bare MMIC (3.0 dB) shows that the noise
contribution of the dual probe junction and the nonideal open represented by the cold amplifier channel is 0.9  dB. If the
cold amplifier channel had a reflection angle of 0°, an off-state MMIC return loss of 1.4-1.8 dB would mean that 0.3-
0.4 dB from this noise contribution is due to the nonideal open. The SPST switch in the on-state MMIC introduces an
average insertion loss of 0.4 dB according to the simulation, which leads to a total noise contribution of about 1.3 dB
due to the redundancy function. 

The insertion losses of different switching technologies for redundancy implementation are compared in Table 2. All the
options in  the  table,  expect  the  one  presented  in  this  work,  require  additionally  at  least  one  waveguide  to  planar
transmission line transition before  amplification, which is  not taken into account  in the insertion loss  values.  The
presented  work  enables  therefore  state-of-art  insertion  loss  in  comparison  to  the  other  semiconductor  switching
technologies and a complete dual redundant amplifier size that is smaller than a typical rotary waveguide switch.

Table 2. Comparison of switching technologies.

Technology Frequency (GHz) Insertion loss (dB) Isolation (dB) Ref.

MMIC SPDT (on-wafer) 40-60 <1.5 >22 [10]

PIN-diode SPDT (on-wafer) 40-60 0.6-1.1 >32a [11]

Rotary waveguide SPDT 40-60 <0.2-0.5 >50 Many commercial
suppliers

Ferrite circulator waveguide SPDT 26.5-31.5 0.13 >32 [12]

Dual probe with MMIC SPST 47-52 1.3 17 This work
    a) In the frequency range 40-50 GHz
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